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(54) High bearing pressure-resistant member and production process therefor 



(57) A high bearing pressure- resistant member 
used as a rolling element forming part of a toroidal con- 
tinuously variable transmission for an automotive vehi- 
cle. The high bearing pressure-resistant member is 
formed of a mechanical structural steel containing Cr. 
The mechanical structural steel includes a matrix hav- 
ing at least one of martensite structure and bainite 
structure. The matrix contains carbide having a mean 
particle size of 3 jim or less, dispersed and precipitated 
in form of at least one of generally spheres and pseudo- 
spheres. 
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SSI i t ^ i " vention re,ates t0 a menr *er applied as a motive power transmission part requiring a hiqh decree of 

fo 3 8 Pr ° duct,0n process of such a hi 9h bearing pressure-resistant member that's suitaSe 

m ^^^-ture to high-temperature environments (of ro^^a 

[0002J A motive power transmission part of the prior art like that described above is used after fiU hiPrtin„ tft 

JIS G 4052 (structural steel materials having guaranteed quenching) ' 
D^^utomnh^ 6 '' aCC ? m P an y in 9 the hi 9 hef e W outputs and reduced size and weight of parts used in for exam- 
there are a . yeafS ' ,he '° adS b6ing app,ied t0 motive Powertransmission parts is tending tolncrease aTd 

Z^^S^ °' — « ™ te C«k* 300= orC^r) Tnd und^r 

SL re A s San 9 ce tZtT, fT*' the h method of ^-density carburization treatment, which improves temper 
members o. theX arj °' SU ° h Pr ° b ' emS has been a ,0 P ic ,or hi 9 h bea ™9 P««ure 

30 

SUMMARY OF THF IIMVF N T,r, N 

process oloZTaleslr^ ^'T? *° ""^ *" ' mPr ° Ved high bearin 9 P^sure-resistant member and 
* ilar techniques WhiCh ° Ve,COme drawbacks encountered in conventional sim- 

of the prior art. -^ST^S^i^ am ° Un,S ° f "» e0m "" ri " n "» h A ' S ' M5 ° 

LTchanica? 22,3 iKSr" ? ' T bearin9 preS — is ' a "< member which is formed of 

member T^Z^ °' ^ PreSent inVe " ti0n r6SideS in 3 pr0CeSS of Producing a high bearing pressure-resistant 
a^cLLS « ♦ T Pr °? eSS COm P rises < a > P^orming a carburization treatment on a material member formed o 

precipitation temDe?a? U ?e T° k * 9 '' ,b> preC,p,,atln 9 carbid e °V "°'ding the carburized material member a, a 
pi.at.on temperature Tp (»C) having an upper limit temperature T («C) calculated according to a firs, equation: T = 
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675 + 1 20 • Sl(%)- 27 • NI(%)+ 30 • Cr(%) + 215- Mo(%)- 400 • V(%) based components of the material member for a 
time shorter than a time t (hr.) calculated according to a second equation: t =1 o{ 1900Q/ np + 273 )- 20} based Qn the precjp . 
itation temperature Tp (°C); and (c) quenching the carbide-precipitated material member by rapidly cooling the carbide- 
precipitated member after holding the carbide-precipitated material member at at least one of a Ac, transformation tem- 
perature and a temperature {austenite region temperature) at which austenite phase is formed. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0011] 

Fig. 1 is a schematic fragmentary perspective view showing the manner of a roller pitting test and the shape of a 
test piece applied in an embodiment of the present invention; 

Fig. 2 is a schematic illustration showing the outline of the thrust-type rolling fatigue test and the shape of the test 
piece applied in the' embodiment of the present invention; 

Figs. 3A to 3D are graphical representations of heat treatment conditions applied in embodiments of the present 
invention; 

Figs. 4E to 4G are graphical representations of heat treatment conditions applied in embodiments of the present 
invention; 

Figs. 5H to 5K are graphical representations of heat treatment conditions applied in embodiments of the present 
20 invention; 

Figs. 6L to 6N are graphical representations of heat treatment conditions applied in embodiments of the present 
invention; 

Fig. 7 is a fragmentary sectional view of a toroidal continuously variable transmission box used in an endurance 
test in the embodiments of the present invention; 
25 Rgs. 8A and 8B are enlarged fragmentary sectional views which respectively show the shapes of the inner and 
outer rings of a power roller and a disc for a toroidal continuously variable transmission; 

Figs. 9A to 9D are graphical representations of heat treatment conditions applied in embodiments of the present 
invention; 

Rgs. 1 0E to 1 0G are graphical representations of heat treatment conditions applied in embodiments of the present 
30 invention; 

Rg. 1 1 is a microphotograph (by an electron microscope) of a microstructure of a thrust-type test piece of invention 
example 1 according to the present invention: and 

Rg. 12 Is an image obtained by subjecting the microphotograph of Rg. 1 1 to image processing. 
35 DETAILED D ESCRIPTION OF THE INVENTION 

[0012] Referring now to Figs. 1 through BB, first mode of the high bearing pressure -resistant member according to 

the D resent invention will Ko Hi^n^a^ ~~ J 



40 



45 



the present invention will be discussed. 

[0013] According to the present invention, a high bearing pressure-resistant member is formed of a mechanical 
structural steel containing Cr. The mechanical structural steel includes a matrix having. at least one of martensite struc- 
ture and bainite structure. The matrix contains carbide having a mean particle size of 3 urn or less, dispersed and pre- 
cipitated in form of at least one of generally spheres and pseudo-spheres. The carbide includes M 23 C 6 -type carbide 
where M is a metal element. The form of spheres means generally spherical shapes, and the form of pseudo-spheres 
means deformed spherical shapes. - 

[0014] The high bearing pressure-resistant member can secure a high degree of hardness even at semi-high to 
high temperatures (generally 100 to 300 °C) and has excellent surface fatigue strength even under high bearing pres- 
sure such as local bearing pressure exceeds 3 GPa. Furthermore, in the present invention, although the Cr is an alloy 
component that is required as an element that forms the carbide, and particular M 23 C 6 -type carbide, it is only required 
to be added at 1-4%, and does not cause an increase in the cost of the base material (matrix) or a decrease in cuttinq 
so ease. 

[0015] Furthermore, examples of steels containing Cr that can be used include, according to JIS, chromium steel 
(SCr series) defined in G 4104, chromium-molybdenum steel (SCM series) defined in G 4105, and nickel-chromium- 
molybdenum steel (SNCM series) defined in G 4103. In addition, examples of steels according to ASTM include 
A387Gr11, Gr21 and Gr22 steels. Such steels serve as raw material (or material member) for the high bearing pres- 
55 sure-resistant member according to the present invention. 

[001 6] The high bearing pressure-resistant member is formed by dispersing and precipitating microcarbides having 
a mean particle size of 3 u.m or less in the form of spheres or pseudo-spheres in a base (matrix) of manensite or bainite 
mechanical structural steel containing 1.2-3.2% Cr and 0.25-2.0% Mo, and therefore has excellent surface fatigue 
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aMoT™ e " U ?l er , the Semi " hi9h t0 hi9h ,em P eratures - Furthermore, although the Cr In the present invention Is an 
alloy component that is required as an element that forms the carbide and particular M c Lp Zmh* » k 
required to be added within the above range, and does no, cause an ^TSL^^^*<1K 
or a decrease in cutting ease. It will be understood that ■%• used in this specific* on S i we W exceo t That o 
5 area rat o (rate). If the amount of this Cr is ,ess than 1 .2%, the amount of carbide ^Zj^^S^S^t! 

«»ht n? I . ?! d6CreaSe CUtt ' ng 6asa addition - addltion °' M ° simultaneous to addition of Cr resufts in 

I^ZS^ hY^^ " am ° Unt °' M ° " ,6SS th8n °- 25% ' the 6Hec ' °' ^bilizing predpin 
cannot be expected. If the amount of Mo exceeds 2% however, cutting ease decreases 

EL u!?«2T hi9 w hbe , arin9 P^ssure-resistant member of the present invention, since its S content is 0 01% or less 
although MnS-based inclusions are reduced and machinability decreases, a stable long service life is obtained^ If tt»> 
amount of S exceeds 0.01%. while MnS-based inclusions faciLe cutting the probaS o,7e o2u^nce oHntell 
ra, '° n S,arti ^ « MnS - ba - d Elusions under rolling contact Leases. ^IZS^IZZ 

15 2J2n n . !" th . 8 1ST 1 earin9 pressure - resislant mem ber of the present invention, since the amount of nitrogen solid 
0 « and !S , ° Ca ( ti0 : ,r ° m the SUrt8Ce t0 the SUrface tormed atter 9 rindin 9 ■> within a range c l om O oT 

ofretcZ^Ttelll J T,^ effeCt °' Spreadin9 Acm " nes in, ° h| a' carb °" precipitin 
0 5? the »mJ « f P rented by adding at 0.01 % or more. However, If the amount of nitrogen solid solution exceeds 

o^X™£™T° 9en S S °' Uti0n ^ ^ ' nCreaSeS and t6ndS to d6Crease ,he ™««* of prec^auon 

the°ca!bide S tLr^w 9h T™ 9 P; essure - resista "t mer "<*"- of the present invention contains M^-type carbide as 
h n e n * ,dCl th,s carb,de ,s Aspersed extremely finely in martensite or bainite structures, is resistance lourees "of streL 

oST "aS 

area rati* /«♦ * , ' ? 9 8ann9 P'»« ur «-»»>»*nt member as claimed in claim 6. since carbide at a surface 
to me occuSniTo?,^ , * * ■» a location at least fmm the suTci suscep^ e 

£Tl nas TcXt ,n * rnal "P arrtton to ,he *P» «* occurrence of maximum shearing stress caused by Sng con 

"eTof caSa^ "I " ^ Str8ngth 3nd r0 " ln9 ^ *™* h - ^rtharmo'e Zn «he 

[icufal hu I he ^ e ! rin9 P ressure " resls tent member of the present invention demonstrates Its characteristics oar- 
so% tZomna T '°, m ° tiVe ' 0rce ,ransmissi °" parts ^,n 9 surface fatigue strength unde high SSSTpS. 

[0022] ^ wJS^ISIS ' mPr0Ved ' 0n98Vi,y ° f the a PP arat "s i" which i, is applied, 

sultab a for^e^XTl J^^ • *** bBa " n9 P^^^^-resistant member of the present invention is 
perforrJlSiaSa^ ^".S h.gh bear.ng pressure-resistant member. The production process comprises (a) 
L materiai m?Ih h treatment on a material member formed of a mechanical structural steel containing Crso that 

Sl h tT" 8 9 Str6SS d6Ptn C3USed bV r0l,in9 Con,act ' al,ows t"e precipitation of fine J L C Ce fear 
to SL h h ° aSe SUrfaCe Cart3 ° n d6nSity °' the ca *^i2ed layer is less than 0 6% it is not possible 

Plasma" c^Zza t^TnculTeZ^TT^l " ^ " ° eCaUSe ' V3CUUm "Nation and 

are no decreas P 7„p a ^L T " 9ra ' n boundar V oxiaation 'ayer is not formed on the surface and there 

decreases near the surface ,n the densities of carbide forming eiements such as Cr, thus allowing carbide ,0 be 
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formed down to the surface and making it difficult during treatment to form a Cr-based oxide film on the surface that 
inhibits carburization. 

[O024J As is previously described, although the Cr in the raw material steel in the present invention is an essential 
alloy component that forms carbide, and particularly M 23 C 6 -type carbide, its amount added is preferably about 1 to 4% 
from the viewpoint of ensuring Its action while avoiding increases in cost and decreased cutting ease 
[0025] The above equation T that is used to calculate the upper limit value of the holding temperature for precipi- 
tating carbide was determined as a result of numerous experiments, and by holding the member after carburization 
treatment equal to or below temperature T («C) calculated according to its alloy components, M 23 C 6 -type carbide is pre- 
cipitated. Since the mean particle size of M^-type carbide is extremely minute at 1pm or less, It is unlikely to be a 
source of stress concentration. Since it is also dispersed and precipitated within crystal grains of martensite or bainite 
it is resistant to softening at the semi-high and high temperatures, thereby ensuring high hardness. It is not always nec- 
essary to hold until equilibrium with respect to the carbide precipitation treatment time, namely the holding time at tern- ■ 
perature T, and this time is selected to be within the range of about 10 minutes to 1 0 hours. In addition it is preferable 
that the lower l.mrt temperature ol carbide precipitation treatment be 500°C or higher from the viewpoint of productivity 
[0026J At this time, H carbide precipitation treatment is performed at a temperature higher than temperature T <°C) 
calculated according to the alloy components, M 23 C 6 -ty P e carbide is not precipitated and a solid solution structure 
results that prevents the obtaining of hardness. Consequently, pitting strength and rolling fatigue strength become inad- 
equate. v * 

[0027] If the holding time at the austenite region temperature in the quenching step is too long precipitated carbide 
ends up returning to a solid solution in the carbide precipitation step. Consequently, a holding time from about 30 min- 
utes to 2 hours is suitable, and It Is preferable that treatment beyond 2 hours be avoided. 

[0028] Since the following production process of a high bearing pressure-resistant member of the present invention 
is a so suitable for production of the above high bearing pressure-resistant member of the present invention. The pro- 
duction process consisting mainly of a carburization step, carbide precipitation step and quenching step, wherein car- 
noJfo ~, tr f f ,ment is P erform ed on a member comprising mechanical structural steel containing 1 .2 to 3.2% of Cr and 
0.25 2.0% of Mo, carburization treatment is performed such that the surface carbon density is within a range of from 0 6 
to 1.5 /„ and the carbon density at the depth location of occurrence of the maximum shearing stress caused by rolling 
contact is within the range of 0.5% or more, carbide is precipitated while holding the caiburized member at a tempera- 
ture having for ,ts upper limit temperature T (°C) as calculated from the above equation, and quenching is performed 
after holding at the austenite region temperature. Accordingly, the precipitation of coarse, reticular M 3 C-type caibide at 
the surface layer portion that Includes the depth location of maximum shearing stress caused by rolling contact is inhib- 
ited microscopic M^Ce-type carbide that is stable even at semi-high and high temperatures is precipitated, and the 
matrix after quenching becomes a martensite or bainite structure, thereby allowing the obtaining of a high bearing pres- 
sure-resistant member that secures high hardness even at the semi-high to high temperatures, and has excellent sur- 
ace fatigue strength such as pitting strength and rolling fatigue strength even under high bearing pressure such that 
local bearing pressure exceeds 3 GPa. 

[0029 J Here, in the case the surface carbon density of the carburized layer is less than 0.6%. hardness can similarly 
not be secured, and conversefy if the surface carbon density exceeds 1.5%. there is increased susceptibility to precip- 
itation of M 3 C-type carb.de that grows in a reticular form having a mean particle size in excess of 3 pm, thereby making 
this undesirable. In addition, in the case the carbon density at the depth location of maximum shearing stress caused 
by rollmg contact is less than 0.5%. the carbide surface area ratio (rate) at this depth location (or surface area ratio of 
he precpitated carbide at the location of a depth of 0.1 mm. as discussed after) is unable to reach 0.3%. thereby falling 
o improve cold hardness or temper hardness and preventing the obtaining of adequate pitting strength and rolling 
fatigue strength. Furthermore, there are no particular restrictions on the carburization treatment method and although 
methods such as solid carburization, liquid carburization or gas carburization can be used, it is preferable to employ 
vacuum carburization or plasma carburization if possible. 

[0O3O] Although the Cr in the raw material steel In the present invention is an essential alloy component that forms 
carD.de. and particularly M 23 C 6 -type carbide, as is previously mentioned, its amount added is preferably about 1 2- 
t jH v,ew P olm of ensuring its action while avoiding increases in cost and decreased cutting ease. Although 
h°J S „ , 06 addi,i ° n simu,taneous «° Cr all ° w s stable precipitation of M 23 C 5 -type carbide, if the amount of Mo 
added is less than 0.25%. stable precipitation of M^-type carbide cannot be expected, and if the amount added 
exceeds 2%, cutting ease lends to decrease. 

[0O31 ] m the production process of a high bearing pressure-resistant member of the present invention, since con- 
ditions are used such that the ratio (Td/Tc) of diffusion temperature Td (°C) following carburization to carburization tem- 
perature Tc (°C) when carburization treatment is performed by vacuum carburization or plasma carburization is within 
■ I*" 9 !?? from 1 05 10 1 - 25 ' reticular carbide precipitated at the grain boundary during carburization disappears eas- 
ily, it will be understood that diffusion of carbon is accomplished at the diffusion temperature, while carburization is 
accomplished at the carburization temperature. At this time, in the case the ratio of Td/Tc does not reach 1 05 it 
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[0033J 



Son .sp^ded'^^ ° h a lri hi9h beari " 9 P—istan, member o, the present 

containing ,' 2 to 3. 2% J2S£ to £H ?!£ and 0 6 iTfSS'SKT "T - ? meChaniCa ' StrUCtUra ' ^ 
perature T (»C) calculated from Tk . of C at a temperature having for its upper limit tern- 

region tUpeStu" lZr«Z a ^zZTZ T - T^" 9 * C °° ,in9 "■** aft6r h0,dln 9 at < he a «* 
type carbide at the .^^iS^S^ftVJS^ T* 1 - P ™ P ™™ of coarse - Mrf> 
contact Is similarly inhibited microscope M c tnt TfJTt . " °' max,mum shearl "9 st ^ caused by rolling 
(30O-C or less) is precSed anSSe rllmx 3 SS! Carb,d * that ' s StaWe even at the semi - hi 9 h t0 ^ temperatures 

ing at the austenite region temperature orZZ a^Zl H 9 . 9 P ressure " res '^nt member, since hold- 
thls step can be simple in S cTseThe^ """"V* " P er, °™ ri simultaneous to the carbide precipitation step, 
ature. thereby mSSSlSi^SSd re9 '° n ,emPeratUr6 C °' nCideS W ' th ,he Carbide P*W-tan temped 



EMBOniMFMp; 

« [0037J The following provides a detal'.ed- explanation of the present invention based on its embodiments. 
Embodiment -| 
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diameter portion Jt 5 TmT and ^ disk shaoed 1? n T" POf1i ° n ° 2 = 24 mm and ,en 9 th ° f s ™» 

(diameter D4 = 60 mm thSss t2 - 5 mmW , T ,hrus, -»yP e """"9 'a.igue testing as shown in Fig. 2 

shown in Table I ThTn XrZn mm > were cut out ^.ng mechanical structural steel of each of the compositions 

ishad by Ending. ^ caro^^ ™ " ^ ^ ~ ^ 
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Table 1 
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Type of Steel 


Chemical Composition (wt%) 


T* 




C 


Si 


Mn 


S 


Ni 


Cr 


Mo 


V 


O 




A 


0.20 


1.00 


0.30 


0.005 


2.0 


1.50 


1.50 


0.19 


Max. 12 ppm 


1 032.5 


B 


0.24 


1.01 


0.35 


0.004 


1.9 


1.95 


0.95 


0.20 


Max. 12 ppm 


927.65 


C 


0.20 


1.05 


0.32 


0.003 


2.0 


2.55 


0.78 


0.21 


Max. 12 ppm 


907.2 


D 


0.1B 


1.03 


0.39 


0.003 


2.1 


2.10 


0.70 


0.00 


Max. 12 ppm 


955.4 


E 


0.20 


1.00 


0.35 


0.005 


2.2 


2.00 


0.29 


0.18 


Max. 12 ppm 


785.95 


F 


0.19 


1.02 


0.40 


0.004 


1.1 


2.00 


0.69 


0.19 


Max. 12 ppm 


900.05 


G 


0.30 


0.49 


0.31 


0.009 


2.0 


1.95 


0.70 


0.20 


Max. 12 ppm 


808.6 


H 


0.22 


0.20 


0.65 


0.006 


0.01 


1.50 


0.25 


0.00 


Max. 12 ppm 


797.48 


I 


0.19 


0.22 


0.70 


0.003 


1.8 


0.50 


0.20 


0.00 


Max. 12 ppm 


710.8 


J 


0.18 


1.01 


0.29 


0.005 


2.0 


0.00 


0.03 


0.00 


Max. 12 ppm 


748.65 


K 


0.20 


1.00 


0.30 


0.004 


1.9 


0.00 


0.70 


0.00 


Max. 12 ppm 


894.2 


L 


1.00 


1.00 


0.30 


0.003 


2.0 ; 


1.50 


1.50 


0.19 


Max. 12 ppm 


1 032.5 


M 


1.30 


1.01 


0.35 


0.004 


1.9 


1.95 


0.95 


0.20 


Max. 12 ppm 


927.65 


N 


1.50 


0.49 


0.31 


0.003 


2.0 


1.95 


0.70 


0.20 


Max. 1 2 ppm 


806.8 


O 


0.80 


0.50 


. 0.31 


0.005 


2.1 


2.10 


1.60 


0.19 


Max. 12 ppm 


1 009.3 


P 


0.60 


1.03 


0.39 


0.005 


2.1 


2.10 


1.20 


0.00 


Max. 12 ppm 


1 062.9 


O 


0.40 


1.00 


0.35 


0.006 


2.0 


2.00 


1.50 


0.20 


Max. 12 ppm 


1043.5 


R 


1.80 


1.10 


0.40 


0.003 


1.9 


2.10 


1.40 


0.20 


Max. 1 2 ppm 


1 039.7 


S 


0.25 


1.00 


0.40 


0.003 


2 


1.20 


2.00 


0.00 


Max. 1 2 ppm 


1207 


T 


0.20 


1.10 


0.30 


0.004 


1.8 


3.20 


1.60 


0.00 


Max. 12 ppm 


1198.4 


V 


0.22 


0.50 


0.40 


0.003 


2 


0.50 


0.10 


0.00 


Max. 12 ppm 


717.5 


W 


0.20 


1.00 


0.30 


0.015 


2 


1.50 


1.50 


0.20 


Max. 12 ppm 


1 028.5 



•Note) 

40 T e 675 + 1 20 • Si(%) - 27 • Ni(%) + 30 • Cr(%) + 215- Mo(%) - 4O0 - V(%) 

[0039] As shown in Fig. 1 , a rolling pitting test was conducted under the conditions shown in Table 2 by combining 
small roller test piece 1 and disk-shaped partner material 2 (diameter D3 = 1 30 mm, thickness t1 = 1 8 mm) to determine 
roller pitting time or the number of repetitions or rotations (times) until pitting occurred 

45 



Table 2 



55 



Tester 


Roller pitting tester 


Bearing pressure 


3.2 GPa \ 


Slip ratio 


-40% 


Rotating speed 


1500 rpm 


Lubricating oil 


Transmission oil 


Oil temperature 


100°C 
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Table 2 (continued) 



Tester 


Roller pitting tester 


Partner material 


SUJ2, quenched, tempered 



a) Roller pitting tester was produced by Komatsu Engineering Corp. 

b) "SUJ2" was high carbon chromium bearing steal according to JIS G 4805 

c) Slip ratio was a difference (%) of a rotational speed of the roller test piece 1 to that of the disk- 
shaped partner material 2. 



[0040) In addition, with respect to the rolling fatigue test, disk-shaped test piece 3 and three spheres 5 as Gartner 

TSZTTZ* '" ' UbriCa,in9 °" 4 USin9 3 ,hrUSHype rol,i "9 ,ati 9" e tester » *™ * 2 andZs, tes 
e S r o f^umh P ;! t P ^ T Pi6Ce 3 WaS de,ermined as foll °ws: Five rolling (atigue tests were repeated to obtain teS 
result of number (times) of turning of three spheres 5 along the periphery of disk-shaped test piece 3 at a 11.! 

or peer r K 9 occurred under ,he conditions sn ° wn ,n ™* 3 ^ ». vmsa 

vj^i^szr probabi,,,y 50% ,ife (L5o) which was - iife ' - = - 
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Tester 


Thrust-type roiling fatigue tester 


Bearing pressure 


[ 5.23 G Pa 


Max. shearing stress depth 


Location at 0.1 mm from surface 


Rotating speed 


2000 rpm 


Lubricating oil 


Transmission oil 


Oil temperature 


150°C 


Partner steel spheres 


SUJ2, 3/8-inch diameter, 3 spheres 


Note) 

Thrust-type rolling fatigue tester was produced by Japan Tobacco 
Inc. 



£y wis me C aSI° c rl e T"* °' ** P ' eCe ,0 3 d6pth ° f a 1mm were sam P |ed - carbon den- 

^^~==~~~=~ 

mm were also measured by using emission spectrochemical analysis P 1 

[0043] In addition, together with measuring the distribution of hardness using a Vicker's hardness tester the test 

[0044] These results are shown in Tables 4 and 5. 
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Table 4 



5 


Classification 


Type of 
Steel 


Heat treat- 
ment con- 
ditions 


Surface 
carbon 
density 


Carbon 
density at 
0. 1 mm 


Nitrogen 
density at 
0.1 mm 


Precipitate 
structure 


Prec. mean 
particle size 
(Urn) 












<wt%) 


(wt%) 


(wt%) 






Examples 
of the 
Invention 


1 


A 


Fig. 3A 


1.0 


0.9 




— ka~F 

^23^6 


n 1 A' 


10 


2 


B 


Fig. 3A 


1.1 


1.0 






n o\ 






3 


C 


Fig. 3A 


1.0 


0.9 






n 09 






4 


D 


Fig. 3C 


1,4 


1 .2 




ka r* j_ 
M3C 


v. da 


15 




5 


E 


Fig.3A 


1.0 


0.9 




fV, 23°6 


u.i y 






6 


F 


Fig.3B 


! 1.1 


1 .0 




KA C 


0.25 






7 


G 


Fig.3A 


1.0 


0.9 




KA C* 
M 23 U 6 


0.23 


20 




8 


A 


Fig.4E 


1 .0 


O Q 
v.o 




M23 C 6 


0.21 






9 


A 


Fig.4F 


1 .0 


0 Q 




"V»23 C 6 


0.2 






10 


L 


Fig.SH 


1 .0 


1 n 




Ivi23^6 


0.1 5 


25. 




11 


M 


Fig.SH 


1 .3 


1 ^ 




km 


0.17 






12 


N 


Fig.5H 


1 .5 






ka r> . 
M 23 C 6 + 

M 3 C 


0.85 






1 o 


O 


Fig.5l 


0.8 


0.8 




M 2 3C 6 


0.22 


30 




14 


P 


Fig.5J 


0.6 


0,6 





M23C0 


0.16 






15 


L 


Fig.5K 


1.0 


1.0 





M 23 C 6 


0.15 






16 


S 


Fig.3A 


1.0 


0.9 


— 


^23^6 


0.19 






17 


T 


Fig.3A 


1.0 


0.9 






0.12 


35 




16 


A 


Fig.6l 


1 


0.9 


__ 


M 23 C 6 


0.15 






19 


E 


Fig.6M 


0.9 


0.8 




M 23 C 6 


0.1 






20 


F 


Fig.6N 


1 


0.9 . 


0.3 


M 23 C 6 


0.18 


40 




21 


Q 


Fig.5H 


0.4 


0.4 


1 


M 23 C 6 


0.19 






22 


V 


" Fig.3A 


1.0 


0.9 


- 


M2 3 C 6 


0.15 




Compara- 
tive Exam* 


1 


A . 


Fig.3D 


■1.8 ■ 


1.5 




M 3 C 


3.94 


45 


pies | 


2 


• H 


Fig.3C 


1.4 


1.2 




M 3 C 


3,54 




3 


I 


Fig.3C 


1.4 


1.2 




M 3 C 


3.45 






4 


J 


Fig.3A 


1.0 


0.9 




M 3 C 


3.44 






5 


K 


Fig.3A 


1.0 


0.9 




M 3 C 


3.23 


50 




6 


A 


Fig.4G 


1.0 


0.9 












7 


R 


Fig.5H 


1.8 


0.8 




M 3 C 


3.78 






8 


W 


Fig.3A 


1.0 


0.9 




M 23 C 6 


0.17 



55 
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Table 5 



Classification 



Type of Steel 



Precipitate 

surface 
area ratio at 
0. 1 mm (%) 



Hardness at 
0.1 mm (HV) 



300°C x 3 hr. 
temper hard- 
ness at 0.1 
mm (HV) 



Thrust test 
life (150) 
(times) 



Roller pitting life 
(times) 



10 



15 



20 



Examples of 
the Invention 



25 



30 



35 



40 



45 



•Note) 



10 



11 



12 



13 



14 



15 



16 



18 



19 



21 



22 



Comparative 
Examples , ^ 



5 

IT 



M 



N 



Q 



H 



W 



10.5 



821 



754 



9.1 x 10 7 



6.9 



Surpassed 10 7 



819 



3.4 



825 



15.8 



820 



7.3 



816 



746 



8.9 x tO 7 



Surpassed 10 7 



750 



742 



739 



17.7 



817 



12.1 



822 



25.8 



841 



0.5 



825 



12.5 



815 



733 



748 



764 



755 



745 



25.7 



829 



8.1 



786 



9.8 



795 



7.8 



778 



13.4 



821 



28.5 



815 



16.9 



811 



20.5 



819 



19.6 



807 



2.4 



798 



0.1 



742 



0.1 



721 



11.1 



743 



7.8 



725 



8.2 



4.9 



5.1 



8.2 



19.5 



731 



715 



709 



759 



785 



814 



772 



718 



733 



714 



732 



752 



745 



756 



749 



737 



681 



678 



703 



673 



671 



655 



8.7 x 10 7 



Surpassed 10 7 



8.8 x 10 7 



Surpassed 10 7 



8.9 x 10 7 
9. Ox 10 7 



Surpassed 10 7 



8.9 x 10 7 



9.8 x 10 7 



8.8 x 10 7 



8.9 x 10 7 



9.5 x 10 7 



7.2 x 10 7 



9.1 x 10 7 



8.4 x 10 7 



9.2 x 10 7 



9.7 x 10 7 
9.2 x 10 7 



9.8 x 10 7 

9.7 X 10 7 

9.8 x 10 7 



5.5 x 10 7 



4.2 X 10 7 



3.4 x 10 7 



1.1 x 10 7 

1.2 X 10 7 



1.6 x 10 7 



649 



701 



690 



739 



1.5 x 10 7 



Surpassed 10 7 
Surpassed 10 7 



Surpassed 10 7 
Surpassed io 7 



Surpassed. 10 7 



Surpassed 10 7 



Surpassed 10 7 



Surpassed 10 7 
Surpassed 10 7 



Surpassed 10 7 



Surpassed 10 7 



Surpassed 10 7 



Surpassed 10 7 
Surpassed 10 7 



Surpassed 10 7 



Surpassed 10 7 



6.1X10 6 



5.4x1 0 6 



1.4x10 6 
1.5x10 6 



2.8x1 0 6 



4.2 x 10 7 



1.9 x 10 7 



6.2 x -\0 r 



2.9x1 0 6 



6.2x1 0 6 



2.2x1 0 fc 



Surpassed 10 7 



55 



Internal origin separation starling at inclusions occurred. 

EL) fi^jiTSs; m J: bl v and 5 - wi r respect to ,he ,esi pieces (hi ^ ^ 

the surface carbon to Jim „ SL^ph P Carbunza,ion trea,menl °" lhe c '-c°n.en. steel so that 
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austenlte region temperature of 850°C, quenching and tempering were performed. As a result, microscopic M 23 C 6 -type 
carbide having a mean particle size of 0.3 urn or less was precipitated at a surface area ratio of about several percent 
to 30%, thereby resulting in a member having improved cold hardness and excellent hardness after tempering treat- 
ment for 3 hours at 300°C (temper softness resistance), which was confirmed to drastically improve pitting life and roll- 
5 ing fatigue life. 

[0046] Furthermore, under the heat treatment conditions shown in Fig. 3C, there was no carbide precipitation step 
observed in which the temperature is temporarily held at a low temperature following carburization treatment In com- 
parison with other heat treatment conditions. However, in invention example 4, since the steel type of symbol D shown 
in Table 1 was used for the raw material steel, upper limit temperature T for carbide precipitation as calculated from 
w equation T was high at 955.5<>C. Consequently, M 23 C 6 -type carbide (with some M 3 C-type carbide) was finely precipi- 
tated during the time the temperature was held at the austenite temperature of 850°C for quenching following comple- 
tion of carburization treatment, allowing the obtaining of excellent cold hardness and temper softening resistance as 
well as satisfactory pitting life and rolling fatigue life. In other words, in the heat treatment in invention example 4 the 
carbide precipitation step during which the temperature is held at a temperature having for its upper limit temperature 
15 T was performed while overlapping with the quenching temperature of 850°C. 

[O047] In addition, in invention example 8, by extending the duration of the carbide precipitation step to 5 hours car- 
bide was precipitated until equilibrium (maximum), and since the duration of the subsequent holding at the austenite 
region temperature <850°C) was relatively short at only 30 minutes, the return to solid solution of the carbide was inhib- 
ited, thereby increasing the surface area ratio of M 23 C 6 -type carbide, improving hardness and resulting in long life. In 
invention example 9, since the carbide precipitation step was conducted for 30 minutes at 650°C and the holding time 
was shortened, the surface area ratio of M^-type carbide was observed to be lower than that of invention example 8. 
[0048] In invention example 1 0, after performing carbide precipitation treatment for 5 hours at 650°C on steel hav- 
ing a base metal (matrix) C content of 1 .0%, precipitating carbide to the equilibrium state (maximum), holding the tem- 
perature at the austenite region temperature of B50*C for 30 minutes, performing quenching and then tempering return 
of the precipitated carbide to solid solution was inhibited to increase the surface area ratio of M^Cg-type carbide 
improve hardness and extend the life. In addition, in invention example 1 1 on which similar heat treatment was per- 
formed on steel having a base metal (matrix) C content of 1 .3%, since the amount of C of the base metal is greater than 
invention example 1 0, the surface area ratio of M 23 C 6 .type carbide increased, both cold hardness and temper hardness 
improved and the life was extended. Moreover, in invention example 12 on which similar heat treatment was performed 
on steel having a base metal (matrix) C content of 1.5%, although some M 3 C-type carbide was precipitated causing a 
decrease In the surface area ratio of M^Cg-type carbide, since a structure was obtained in which microscopic M^C G - 
type carbide was precipitated, the life was confirmed to be longer than the comparative examples described later 
[0049] In addition, in invention example 1 3, in which carbide precipitation treatment for 30 minutes at 750°C which 
correspond to a higher temperature and shorter duration than invention example 1 0, was performed on steel having a 
base metal (matrix) C content of 0.8%, followed by precipitation of carbide to the equilibrium state (maximum) and sim- 
ilarly quenching and tempering, since the base metal (matrix) C content is lower than invention example 1 0, the surface 
area ratio of M 23 C 6 -type carbide resulting in decreases in cold hardness and temper hardness. However, the structure 
contained precipitates of microscopic M 23 C 6 -type carbide, the life was longer than that of the comparative examples In 
invention example 14, in which heat treatment was performed for 30 minutes at 850°C on steel having a base metal 
(matrix)- C content of 0.6% while holding the temperature at the austenite region during carbide precipitation treatment 
although the surface area ratio of MggGe-type carbide was lower than invention example 10 resulting in lower cold hard- 
ness and temper hardness due to the lower content of base metal (matrix) C, since a structure was obtained in which 
microscopic M 23 C 6 -type carbide is precipitated, life was confirmed to similarly be longer in comparison with the com- 
- parative examples. 

45 [O050] Moreover, in invention example 1 5, after performing carbide precipitation treatment for 5 hours at 650°C on 
steel having a base metal (matrix) C content of 1 .0% and precipitating carbide to an equilibrium state (maximum) in the 
same manner as invention example 10 followed by heating for 8 seconds at a constant output of 200 kW and constant 
frequency of 10 kHz using a high-frequency heater, the structure was quenched in oil at 60°C. As a result, a structure 
similar to invention example 10 was obtained and was demonstrated to have long life. Furthermore, since heating and 

so holding times are shortened considerably when high-frequency quenching is applied, heat treatment cost can be further 
reduced in comparison with invention example 10 in which carburization treatment is not performed. 
[0051] With respect to the test pieces (high bearing pressure members) pertaining to invention examples 16 and 
17, after performing carburization treatment on Cr-containing steel so that the surface carbon density was within the 
prescribed range of 0.6-1.5% and carbon density at the location of the depth of maximum shearing stress (the location 

55 of 0.1 mm beneath the surface) was 0.5% or more, carbide was precipitated by holding at the temperature having for 
its upper limit temperature T (°C) calculated based on equation T. After additionally holding at the austenite region tern- 
perature of 850°C, quenching and tempering treatment were performed. As a result, microscope M 23 C 6 -type carbide 
having a mean particle size of 0.3 urn or less was precipitated at surface area ratios of 16% and 29%. Since this 
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20 



25 



S2S> * " * IU ™"'°" " ,ample 1 in whfch c=*»" 2 afc n im wis performed pnoeeee-nonions euclt that th. ml, 

33«C/min.) and precipitating carbide for si ^o U « atSo"r 7h J i T V qU6nchln 9 ,n oil at 60 ° C (oooBng rate: 
io ture of BSOT hL-T 7, f • ,em P era ^e was raised to the austenite region tempera- 

~ nj:r , z^ a 2i;i srs 22? prec,p r on treatmem was per,ormed ,or 5 ^ « ^ - - 

quenchjnq and temoerinn ka r k,^« ^ 9 JU m,nules at tne austenite region temperature of 850°C, 

the ca2 ^SWi^rK 0 ^ T Predpitated - The surface ™*on dens*y was less than 0.6% and 
* uaroon aensity at tne location of the depth of maximum shearing stress was less than n w th« 

Eas show" t Rg SoTuS^T^n 'i,** "* urteB,to " *• *•"«« was performed for the .ong time of 1 2 

were similarly co^ZdTbe be o^ed ^ ^ ^ adeqUate Pittin ° ^ r °" in9 ,at ' 9Ue ' ife 

Sclide'^rcESe^raA hru?si a ci a , r9e 7°™ ° h , 1 C h afb,de ^ PreCiplta,Sd by lhe *™«on of 

temperature (BSO'C) wa SSd te a ^^^^T? ^ tempera,ure was haW * a ^nl,e region 

. issrr adeq r ,epi,,in9str ~ ,emper hardness 

Polity of e^u^rnJe""^ 8 ' *" T* ^ 9 Wflh S ^ ™ ^ *•» - a 

testing thereb p^ngTh ob ninn T? h^T" f'^ * MnS " based inclusi °"s in thrus.-.ype rolling fa.fgue 

.ha, inthe roNeVX rSt^S^tS'rSS ." 9lJ H T n9 ' h the C3Se °' SUr1ace origin se P ara,ion ' ike 
g cesi, tnese inclusions had httle effect and adequale pitting strength was able to be obtained, 
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Embodiment? 

[0061) Forging followed by rough machining were performed on steels A, D, 6, H and L of the 22 types of steels 
shown in Table 1 so as to shape input and output discs 13, 14 and inner and outer rings 16 and 17 of power roller 15 

5 for the toroidal continuously variable transmission as shown in Fig. 7 and Fig. 8A and 8B. Thereafter, heat treatment 
was performed the forged and roughly machined steels under the conditions shown in Figs. 3A through 6N. Shot-peen- 
ing was performed at the rectangular portion of the inner diameter hole at the apex of the disks (portion F In Fig. 8B) 
and at the rectangular portion of the inner diameter hole in the bearing groove of power roller inner ring 16 (portion D 
in Fig. 8A) together with grinding ultra-finishing at those portions other than the sites at which shot-peening was per- 

w formed. 

[0062) Next, these input and output discs 13 and 14 along with inner and outer rings 16 and 17 of power roller 15 
were combined, and an endurance test was performed using the toroidal continuously variable transmission box shown 
in Fig. 7 to evaluate the bending fatigue strength of discs 1 3 and 1 4 and power roller inner ring 1 6 according to the serv- 
ice life (bending fatigue life) until separation or cracking was made. Additionally, the rolling fatigue life of discs 13 and 

is 1 4 and power roller inner ring 1 6 was derived from the test results of the above-discussed rolling fatigue test. 

[0063) As a result, as shown in Table 6, the rolling elements according to invention examples 23, 24, 25 and 26 
(these respectively coincide with the combinations of steel types and heat treatment conditions of invention examples 
1, 4, 10 and 19 In Embodiment 1) had a structure in which M 23 C 6 -type carbide was precipitated. Consequently, since 
the temper hardness at the rolling contact surface Is high, there is resistance to plastic deformation even at high contact 

?o bearing pressures. In addition, since there is high temper hardness even at the location of the depth of maximum shear- 
ing stress, there is little susceptibility to the occurrence of structural changes caused by rolling fatigue, thereby resulting 
in long life. 

[0064) On the other hand, in the rolling elements pertaining to comparative examples 9 and 1 0 (these coincide with 
the combinations of steel types and heat treatment conditions of comparative examples 1 and 2 in Embodiment 1 ),since 

?5 M 23 C 6 -type carbide is not precipitated, there is increased susceptibility to plastic deformation at high contact bearing 
pressures, and separation was confirmed to occur easily. 
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Table 6 



Classi- 
ficatior 


1 Type of 
l Steel 


Heat 
Treat- 


Site 


Shot- 
peening 


Endurance test: 1 


Inven- 




ment 
Condi- 

t" i on c? 




KO.tj.ing 
fatigue 
life 


Bending 
fatigue 
life 


tion ex . 
23 

j (Inven- 
I tion ex. 
1) 
Inven- 


1 * 


fig. 3A 


1 * 

B 

C 
D 
E 

1 P 


" NO 
No 
No 
Yes 
No 
Yes 


] © 
© 

® 


O 

o 


I tion ex. 
24 


I D 


Fig . 3C 


1 * 
B 


No 
No 


© 




1 (Inven- 
1 tion ex. 
1 4) 
Inven- 






C 
D 
E 

1 r* 


No 
Yes 

No 
Yes 


© 

(5) 


o 
o 


1 tion ex. 
] 2 5 
J (Inven- i 
j tion ex. 

10)) 
I Inven- ( 


1 L 


fig. 5H 

1 


1 A 
B 

C 

D 

E 

F 


No 
No 
No 
Yes 

No ! 
Yes 1 


© 
® 
© 

@ 


A 
A 


1 tion ex. 




Fig. 6M 


" ~A 
B 
C 
D 
E 

F . 


No [ 


© 




26 
(Inven- 
tion ex. 

J Compara- 






No 
No. 
Yes 
No 

Yes J 


© 
© 

© 


A 

A ' I 


tive ex. 
9 


A 


Fig. 3D 


A 
B 


No | 
No 


A 
A 




(Compar- 
1 ative 
[ ex. 1) 

Compara- 






C 
D 
E 
F 


No 
Yes 

No 
Yes 


A 
A 


A 
A 


tive ex. 
10 

"(Compar- 


H 


Fig. 3C 


A 
B 

C 
D 


No 

No j 
No 

Yes j 


A 
A 
A 


O 



| ative 
1 ex. 2) 










•• 1 



evaluation: and A indicates good evaluati 



Q 

better 



on . 
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Embodiment 3 

[0065] After performing lathe turning and gear cutting using steels A, D, E. H and L shown in Table 1 in the same 
manner as Embodiment 2, heat treatment was performed on each steel by combining with the same conditions as 
5 Embodiment 2 followed by shot-peening and grinding to obtain the gears having the specifications shown in Table 7. 



Table 7 



Type of test gear 


Spiral bevel gear 


Module 


3,87 


Pressure angle 


17.5° 


Number of teeth 


. 21 


Spiral angle 


15° 


Standard pitch circle 


84.1 mm 



[0066] An anti -pitting test was then performed using a power circulating type of gear pitting tester based on the con- 
20 ditions of a Hertz bearing pressure at the gear pitting point of 2.0 GPa t test gear rotating speed of 1000 rpm, automatic 
transmission fluid (ATF) for the oil type and an oil temperature of 120°C. Pitting life was evaluated in terms of the total 
number of rotations until the surface area of separation caused by pitting that occurred on the tooth surfaces of the test 
gear reached a surface area equivalent to 3% of the effective meshing surface area of the entire gear. 
[0067] As shown in Table 8, in the gears produced by invention examples 27, 28, 29 and 30 (equivalent to the com- 
25 binations of invention examples 1, 4, 10 and 19 in Embodiment 1), since M 23 C 6 -type carbide was finely dispersed and 
high hardness was maintained even after tempering, pitting life improved considerably. On the other hand, In the case 
of the gears produced according to comparative examples 11 and 12 (equivalent to the combinations of comparative 
examples 1 and 2 in Embodiment 1), since the structure did not contain preciprtati on of M 23 C 6 -type carbide, temper 
hardness was low and pitting occurred easily. 

30 



Table 8 



40 



Classification 


Type of Steel 


Heat Treatment 


Arc Height (mm) 


Pitting Life 


Invention example 25 (Invention 
example 1 ) 


A 


Fig. 3A 


1.1 


Surpassed 1 x10 7 times 


Invention example 26 (Invention 
example 4) 


D 


Fig. 3C 


0.95 


Surpassed 1 X10 7 times 


Invention example 27 (Invention 
example 10) 


L 


Fig. 5H 


1.02 


Surpassed 1 x1 0 7 times 


Invention example 28 (Invention 
example 19) 


• E- 


Fig. 6M 


1.08 


Surpassed 1 x10 7 times 


Comparative example 13 
(Comp. example 1) 


A 


Fig. 3D 


0.98 


5.7x10^ times 


Comparative example 14 
(Comp. Example 2) 


H 


Fig. 3C 


1.1 


1. 5x1 0 6 times ! 


Note) 

Arc height indicates intensity of shot-peening and corresponds to height of warp of thin sheet under shot-peening. 



[0068] Next, second mode of the high bearing pressure-resistant member according to the present invention will be 
discussed with reference to Figs. 1 and 2, and Figs. 7 through 10G. 

[0069] As is previously described, a high bearing pressure-resistant member such as a toroidal continuously vari- 
able transmission in the form of disk and power roller makes rolling contact under a harsh environment of high speed 
and high temperature while being subjected to a heavy load. This environment is becoming increasing harsh accompa- 
nying reduced size and higher capacities of transmissions and power transfer units using such high bearing pressure 
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members As a result, the rolling portions of these members (for example, the traction surfaces and bearing grooves in 
the case of discs and power rollers) are required to be resistant to the internal origin separation caused by rolling fatigue 
as well as high rolling fatigue strength. 

E? ko! '? the ,': aSe ?' performin 9 ordinar V carturization or carbonitriding on such a high bearing pressure member, 
the base matenal (matrix) takes on a martensite or bainite structure and there is hardly any carbide present In contrast 
when the base material (matrix) of the high bearing pressure-resistant member includes a martensite and/or bainite 
structure and contains microscopic carbide having a mean particle size of 3 M m or less is dispersed and precipitated in 
the form of spheres or pseudo-spheres In this base material, room temperature hardness of the high bearing pressure- 
resistant member increases, reductions in hardness under high temperatures of the same are inhibited and internal ori- 
gin rolling fatigue life of the same is improved. Moreover, it is preferable that the high bearing pressure-resistant mem- 
ber includes a b.phas,c structure provided with a first phase composed of martensite and/or bainite that is substantially 
free of carb.de. and a second phase in which microscopic carbide is dispersed and precipitated in the form of spheres 
or pseudo-spheres in the manner described above in the base material (matrix) having a martensite and/or bainite 
structure As a result, the high bearing pressure-resistant member has both higher rolling fatigue strength and bending 
at.gue strength than a case where carbide are uniformly precipitated throughout the entire region. However, in the case 
he mean particle size of the carbide in the second phase region exceeds 3 urn or the carbide is precipitated ^reticular 

lToi?n ■ . m ° f Sph6reS ° r P seud °- s P h ^s. a"h°"9h room temperature hardness and high-temperature 

softemng resistance are improved, the action of improving rolling fatigue life decreases because the precipitated car- 
bide acts as a source of stress concentration resulting in increased susceptibility of the formation of crack starting points 
and propagation routes. SK 
[0071J M 23 C 6 -type carbide containing Cr is more preferable than M 3 C-type carbide for use as the carbide at this 
ime since it tends to be stable even during rolling fatigue at high temperatures, inhibit decreases In hardness and 
improve rolling fatigue life by delaying changes in the internal structure. 

KL J" addt, ' 0n ; * iS a ' S0 pref8fable that 'he surface area ratio of the above carbide In the second phase region 

sul~ =i T 96 ! ± 3 ° % [ e ' atiVe l ° the ,0,al areQ ° f the nrst and second Ph^e region. Namely, in the case the 

the acL of ZZ nn^ T 1 6 k 8C ° nd PhaS8 re9i0n ,S ' eSS ,h9n °- 3% ' inh,bition ot high-temperature softening and 
the action of delaying structural changes are inadequately obtained. Conversely, in the case the surface area ratio 

invit?! 8 ! ?L CreaSSS in , a "° y e ' ementS Snd Carb ° n denSlty in ,he base ma,erial ( matrix > are ™<* a end therefore 
n^e decreased hardness of the base material, thereby tending to prevent adequate improvement of rolling fatigue life. 

^IrLr.T T 6 '' k, P K re i ,erable ,hat the S content be 0 01% ° r ,e **- If this is done, although MnS-based inclusions 
Thonnh m mac , hlnabllit y deceases, a stable, long service life is obtained. If the amount of S exceeds 0.01% 
1 SL." w f lnc,uslons ,acllita te cutting, the probability of the occurrence of internal origin separation starting 
r«.iSf incluslons under rollin 9 contact increases, making it difficult to obtain a stable service life 

Son f „ i,« ,he blgh baarin .9 P^ssure-resistant member of the present invention, since the amount of nitrogen solid 

T ( 9rind ' n9) iS W ' th,n a ran9e °' ,rom 001 10 0 5% ' and solid soluti °ns ot nitrogen have 

li n ni o/ spread !" 9 Acm ,ines int0 high carbon regions, the precipitation of reticular carbide is prevented by adding 

fn !£ !» ,° r m ° re " WeVer> rf thG am ° Unt ° f nitr ° 9en S0,ld so,ution exceeds 0 5% ' the °1 nitrogen solid solution 

n the matrix increases and tends to decrease the amount of precipitation of M 23 C 6 -type carbide 

[0075] In the high beenng pressure-resistant member of the present invention, since the surface carbon density at 
the site subjected to rolling fatigue caused by rolling contact is within a range of from 0.6 to 1.5%. a high degree of 
2!!X " m ^ ta ' ned ,atl9Ue Strength iS im P roved - "> ^e case the carbon density at this timeis less than 0.6% 
ronl; 6 K 3 ^ 6 SU ^ aCe arSa ra,i ° in thB SeCOnd phase cannot be secured - hardness can no longer be maintained! 
hin2 I w*. he surface carbon density exceeds 1.5%. there is greater susceptibility to precipitation of M 3 C-type car- 
bide, and this tends to grow in reticular form at a mean particle size in excess of 3 jam. 

[0076] The high bearing pressure-resistant member of the present invention is suitably applied in the rolling ele- 
ments of a toroidal continuously variable transmission, namely the discs or power rollers of a toroidal continuously var- 
iable transmission, and contributes to reduced size, increased capacity and extension of service life of the toroidal 
continuously variable transmission. 

f?.°J 71 ,k 2° 15 pr< * i0US,y bribed, both rolling fatigue strength and bending fatigue strength is preferable to be real- 
zed in the d.scs and power rollers of toroidal continuously variable transmissions. Moreover, those demand character- 
sties are not necessarily uniform, and each differ depending on the site of each rolling element. This will be discussed 

in detail with reference to Figs. 7, 8A and 8B. 

Tl B L . N T ety> Wi ' h reSP8Ct t0 th ° Se Sit8S sub i ec,ed <° r °" in 9 fatigue caused by a repetitive load of shearing stress 
In !r« «ai a ° e °' inpUt and ° UtpUt diS0S (portion E in F, 9' 8B >- the traction surface of power rollers (portion A 
in . Fig. 8A) and bearing grooves (portions B and C in Fig. BA), it is preferable that the surface area ratio of the second 
phase in which carbide is finely dispersed and precipitated be 3% or more, and more preferably 50% or more at least 
in the surface portion at that site down to .he depth of occurrence of maximum shearing stress. As a result, the internal 
orig.n rolling fatigue strength is improved and rolling fatigue life is extended. Moreover, it is preferable thai the carbon 
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density be 0.5% or more at the above-mentioned site since this results in adequate pitting strength and rolling fatigue 
strength. Furthermore, in the case the carbon density is less than 0.5%, it is not possible to secure the carbide surface 
area ratio at the location of the depth of occurrence of maximum shearing stress caused by rolling contact, and this 
tends to make it difficult to improve cold hardness and temper hardness. 

5 [0079] In addition, with respect to those sites requiring resistance to Intrusion of foreign matter as a result of being 
sensitive to the starting points of surface indentations caused by intrusion of foreign matter since the contact ellipse 
becomes smaller than the traction surface as in the bearing grooves of the power rollers (portions B and C of Fig. 8A), 
it is preferable that the surface area ratio of the second phase in which carbide is finely dispersed and precipitated be 
3-100% on the uppermost surface, and more preferably within the range of from 50 to 80%. As a result, the first phase, 

w which has lower hardness and a large amount of residual austenite than the second phase, alleviates stress concen- 
tration of indentations on the uppermost surface and improves resistance to the intrusion of foreign matter. 
[0080] Moreover, with respect to those sites which, although not make rolling contact, are subjected to bending 
fatigue due to the repetitive load of bending stress as in the rectangular portion of the inner diameter hole at the apex 
of the input and output discs (portion F in Fig. 8B) and the rectangular portion of the inner diameter hole of the bearing 

is grooves of the power roller inner ring (portion D in Fig. 8A), it is preferable that the surface area ratio of the above sec- 
ond phase be 90% or less, and more preferably 30% or less at the uppermost surface, and that shot-peening be per- 
formed. As a result, machining-induced transformation and residual compression stress of the first phase occur at said 
sites leading to improved bending fatigue strength. Furthermore, if the surface area ratio of the second phase at this 
time exceeds 90%, in addition to It being easier for the carbide dispersed in the second phase to act as the starting point 

20 or propagation route for cracks, the machining-induced transformation of the first phase becomes inadequate, and 
there is increased susceptibility to the formation of microscopic cracks during shot-peening, which tends to decrease 
the amount of improvement in bending fatigue strength. 

[0081] In the high bearing pressure- resistant member of the present Invention, the biphasic structure including the 
first phase having a martensite and/or bainite structure that is substantially free of precipitation of carbide, and the sec- 
25 ond phase, in which carbide is finely dispersed and precipitated in the base material (matrix) having a martensite and/or 
bainite structure, is obtained by precipitating carbide by holding at a prescribed temperature for a prescribed period of 
time either after performing carburization treatment on mechanical structural steel containing carbide forming elements 
such as Cr and Mo, or without performing carburization treatment by using mechanical structural steel containing a pre- 
scribed amount of Cr, and then quenching by heating and holding at the austenite region temperature and finally per- 
30 forming tempering treatment. At this time, the surface area ratio of the second phase can be controlled by adjusting the 
surface carbon density by carburization treatment, adjusting the holding temperature and holding time in the carbide 
precipitation step, and adjusting the holding temperature and holding time at the austenite region temperature. The sur- 
face area of the second phase becomes larger, as the surface carbon density by carburization treatment becomes 
higher, as the holding temperature of the carbide precipitation step becomes higher, as the longer the holding time 
35 becomes higher, or as the holding temperature in the austenite region prior to quenching becomes lower. 

[0082] Namely, the following production process of the high bearing pressure-resistant member is suitable for the 
production of the high bearing pressure- resistant member of the present invention. The production process comprises 
(a) performing a carburization treatment on a material member formed of a mechanical structural steel containing Cr so 
that a surface carbon density of the mechanical structural member is within a range of from 0.6 to 1 .5% by weight; (b) 
precipitating carbide by holding the carburized material member at a precipitation temperature Tp (°C) having an upper 
limit temperature T (°C) calculated according to a first equation: T = 675 + 120«Si(%) - 27«Ni(%) + 30 • Cr(%) + 
. 215 - Mo(%) - 400 • V(%) based components of the material member for a time shorter than a time t (nr.) calculated 
according to a second equation: t = io< 1900on "e + 273 > ' 2 °J based on the precipitation temperature Tp (°C); and (c) 
quenching the carbide-precipitated material member by rapidly cooling the carbide-precipitated member after holding 
45 the carbide-precipitated material member at at least one of a Ac, transformation temperature and a temperature 
(austenite region temperature) at which austenite phase is formed. Consequently, this production process for the high 
bearing pressure-resistant member inhibits the precipitation of coarse, reticular M 3 C-type carbide in the surface portion 
that includes the location of maximum shearing stress depth caused by rolling contact, allows the obtaining of a first 
phase in which carbide is substantially not precipitated, and a second phase in which fine M 23 C 6 -type carbide that is 
so stable even at the semi-high to high temperatures is precipitated and the matrix after quenching has a martensite and/or 
bainite structure. As a result, the high bearing pressure-resistant member is obtained that secures high hardness even 
at the semi-high to high temperatures, and has excellent surface fatigue strength such as pitting strength and rolling 
fatigue strength even under high bearing pressure such that local bearing pressure exceeds 3 GPa. 
[0083] At this time, in the case the surface carbon density of the carburized layer is less than 0.6%, it is not possible 
to secure hardness. Conversely, in the case the surface carbon density exceeds 1.5%, there is increased susceptibility 
to precipitation of M 3 C-type carbide, and there is reticular growth at a mean particle size that exceeds 3 u.m thereby 
making this undesirable. Furthermore, there are no particular restrictions on the method of carburization treatment, and 
although methods such as solid carburization, liquid carburization or gas carburization can be used, it is preferable to 
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employ vacuum carbunzation or plasma carburization If possible. This Is because, since vacuum carbu rization and 

a e no d/cr^ "T" * ^ 0xidat ^ ,s not f °™d °" the surface and there 

are no decreases near the surface in the densities of carbide forming elements such as Cr, thereby making these treat 
ments advantageous since they allow carbide to be formed down to the surface. 

{0084] As Is previously described, although the Cr in the raw material steel (or the material member) in the present 

ZZS abo" I uo"S from" ,h 0mPOnent T< '° fmS Carbidei PartiCU ' ar,y M " C e"VPe carbide, its amount added s 
preferably about 1 to 4% from the v.ewpo.nt of ensuring its effect while avoiding Increases in cost and decreased cutting 

SZ?!,* JI?' ^ T, eqUat 'T T ,hat iS US6d '° Ca ' CUla,e ,he Upper limit value °» the hoWi "9 temperature for precipi- 

SZtZZZl %T ? B r S Z1 nUmer ° US 6Xperimen ,S « and b * h0,di "9 (ferial, member after oJu- 

TmZeZTZ mlTJTr ? ' '° " be ' OW ,emperah " e T CO "iculated according to the alloy 

^Z 0 ^, • . '. 23 6 VPe ° arblde ,S e^P^ed. Since the mean particle size of M 23 C 6 -type carbide is 

SZdlr r " ?' " iS Un ' ike,y 10 66 3 S ° UfCe °' S,reSS concentration. Since it is also dis^sL and pre 

cptated w.th,n crystal grams of martensite and/or baini.e, it is resistant to softening at semi-high and high terZZ 

iZ^J^S^T BV makin9 time °' C3rbide Precipita,i °" treatment ' «^»'y the hollTt^e 
at temperature Tp (°C). shorter than time t as calculated according to equation t corresponding to the above-mentioned 

mm Mthte tlmT « hrt ° arblde preclpitation treat ™"< be 550-C or higher from the viewpoint of productivity. 
Sited Tc^TJr? o ; o \TT preC ' pitat,on trea,^1e^, 15 P ert °<™ d at . temperature h.gher than temperature T (-C) 
reTutt? hat d^CPhS 1m * C T P ° nen,s ' M»C e -type carbide is not precipitated and a solid so.utlon structure 
Im . J2 th c a ' prBVBnts ,he ob,a,nln 9 of hardness. Consequently, pitting strength and rolling fatigue strength become inad 
equate Furthermore, the upper limit t of holding time during carbide precipitation treatment is calculated I a«^na to 
T ? S ?ooiir a °lTrl at !T TP?- SUCh that ' f ° r eXamp ' e ' 1 15 app ™'™te.y 58 hou* when holding fempe S e° 
whe ^ is 700^CT„^ V ,T, : he u T iS 650 ° C ' ' ' S ap P™''™tely 0.34 hours (approximate? 20 minutes) 
7o£m ?i £ ap P rox,m ately 0.037 hours (approximately 2.5 minutes) when T is 750-C. 
S m . f 9 t,me at thS aus,enite re 9ion temperature in the quenching step is too long precipitated carbide 

ZZZT^u^^T in f ,he h Carbide preClpitati0 " s * p " Consequent, avoiding time f "mabou? 30 min 
rnn«? ~ sMabiB - and « is preferable that treatment beyond 2 hours be avoided 

luX, far nl"? pr0d " ction process 0< the hl 9 h bearing pressure-resistant member of the present invention is also 
suftable for production of the above high bearing pressure-resistant member of the present invention co^stinq maini° 

a mem^ 3nd step ' whe '^ carburization lJ^p2KZ£ 

a memoer comprising mechanical structure steel containinq 1 2 to 3 2% of rr anrt n tn o no/ ^# ^ , " 

rrs r 0 e 2 rmed such ,hat ,he sudace carbon *•»* 2 ^ ^ **s?<2£ *£i£&xs: 

o mil P I^h ° n ° f occurrenc e of the maximum shearing stress caused by rolling contact is within the reage of o 5% 
or more, carbide is prec.pitated while holding the carburized member at a precipitation tempererture To (Slllo i£ 

as ca,cu,a r from the above first equation ■* « ~^i?th T i LThoSrta 3 ; 

S?52iSi? , l f qUat ' 0n ' and QUenchi "9 is P ertorm ad after holding at the austenite region 

o^ZT^iVT u f trUC,Ure reSUltS that is c^Posad of a first phase and second phase, and a high bearina 

^Z^SST ariy ob,a,ned ,hat has exce,lent surtace ,atigue stren9,h such - ^ &££Z 

ESS c H ^ e ' ' n . the ° aSe me SUrtaCe ° a,b0n density of the carburized layer is less than 0.6%. hardness can similarly 
itat on of M C t C °"rt e,y " SUrfaCC Carb ° n denSity exceeds 1 • 50/ " there is increased susceptibl.rty o 
27niSta£2^°!2f * ^ 3 ret,CUlar ,0Rn havi " 9 a mean particle size in ^ess of 3 ^ thereof maW g 

SXcTntatt .ess han 05/ the'ca^eT; denSitV ^ ^ ^ °' maX ' mum stre ^ s ^SS " 

y . y coniaci is less than 0.5 /o, the carbide surface area ratio at this depth location is unable to reach 0 3% thprphv 

sxrsssr hardness or ,emper hardness and preven,in9 the ob?ainin9 oi 

odssL a r U o.iH f T e ' th f re a , fe n ° ParliCUlar res,rictior ' s -°" 'ha carburization treatment method and al.hough meth- 
c^at^^ 

caSde anJ Da°S.ri m TV™ ^ the PreSenl inVen,ion is an essen,ial component that forms 

r 2 =/ frA m V M , 23 °^ pe carb,de - as ^ previously mentioned, its amount added is preferably about 1 2 to 

Mo f s added sincTadditiD enSU ;; n9 ^ aC,i ° n inCr6aSeS in C0St and decreased cu «ing ease Although 

SS add d ist s han 0 S? ' T '° Cf a "° WS S ' ab,e precipitatio " °« M 2 3 c 6-«yPa carbide, if the amount of Mo 

^££2^^JZ£Zr M23C6 ' type carbide cannot be expec,ed ' and H ,he amount added 

S are Si»^ >dUCl !r 'T!" °' ' h ' 9h beari " 9 P ressu re-resistan, member of the present invention, since con- 
ations are preferably used such that the ratio (Td^c) of diffusion lemperature Td (°C) following carburization to carbu- 
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rization temperature Tc (°C) when carburization treatment is performed by vacuum carburization or plasma 
carburization is within the range of from 1 .05 to 1.25, reticular carbide precipitated at the grain boundary during carbu- 
rization disappears easily. At this time, in the case the ratio of Td/Tc does not reach 1.05, it become difficult to obtain 
this effect. In addition, the higher the temperature of diffusion, the larger the diffusion coefficient of carbon inside. This 
facilitates the disappearance of reticular carbide. However, in case that the ratio of Td/Tc exceeds 1 .25, there is melting 
of the steel surface, and therefore it is preferable that the upper limit of this ratio be 1.25. 

[0093] On the other hand, if the cooling rate until the intermediate holding step (carbide precipitation step) following 
carburization diffusion is too slow, supersaturated carbon is likely to be precipitated in reticular form at the grain bound- 
ary. Accordingly, it is preferable that the cooling rate at this time be 1 0°C/minute or more. Preferable methods for achiev- 
ing a cooling rate of 1 0°C/minute or more include gas cooling to the intermediate holding temperature in a carburization 
diffusion chamber, transferring to a cooling chamber outside the carburization diffusion chamber and lowering to the 
intermediate holding temperature, and temporarily quenching after carburization diffusion followed by heating to the 
intermediate holding temperature. 

[0094] Moreover, in the production process of the high bearing pressure-resistant member, in addition to the above 
steps, nitriding is performed either simultaneous to carburization (carburization nitriding) or following completion of car- 
burization, and therefore precipitation of reticular carbide is prevented by nitrogen in solid solution. 
[0095J Since the production process of the high bearing pressure- resistant member of the present invention pref- 
erably includes precipitating carbide while holding a member (material member) composed of mechanical structural 
steel containing Cr and 0.6 1 .5% of carbon at a precipitation temperature Tp (°C) having for its upper limit temperature 
T (°C) calculated from the above first equation for an amount of time shorter than time t (hr.) calculated according to the 
above second equation, followed by performing quenching after holding at the austenite region temperature. As a 
result, precipitation of coarse, reticular M 3 C-type carbide (cementite) at the surface layer portion that contains the depth 
location of maximum shearing stress caused by rolling contact is inhibited so that microscopic M 23 C 6 -type carbide that 
is stable even at the semi-high to high temperatures (300°C or less) is precipitated and the matrix becomes a marten- 
site structure. This allows the obtaining of a similar biphasic structure and the obtaining of the high bearing pressure- 
resistant member that has excellent surface fatigue strength such as pitting strength and rolling fatigue strength, while 
also realizing low production cost as a result of not requiring a carburization step. 

[0096] Since the production process of the high bearing pressure-resistant member of the present invention pref- 
erably includes precipitating carbide by holding a member composed of mechanical structural steel containing 1.2 to 
3.2% of Cr, 0.25 to 2.0% of Mo and 0.6 to 1.5% of C at a precipitation temperature Tp (°C) having for its upper limit tem- 
perature T (°C) calculated from the above first equation for ah amount of time shorter than time t (hr.) calcu lated accord- 
ing to the above second equation, and quenching by cooling rapidly after holding at the austenite region temperature. 
In this production process, a carburization step is similarly not required, and precipitation of coarse, reticular M 3 C-type 
carbide at the surface layer portion that contains the depth location of maximum shearing stress caused by rolling con- 
tact is similarly inhibited. Additionally, a biphasic structure is obtained consisting of a first phase that does not contain 
carbide and a second phase in which microscopic carbide is precipitated in a matrix consisting of martensite and/or 
bainite. Consequently, a high bearing pressure-resistant member can be inexpensively obtained that secures high 
hardness and has excellent surface fatigue strength such as pitting strength and rolling fatigue strength even under high 
bearing pressure. 

[0097] In the production process of the high bearing pressure-resistant member, since nitriding is preferably per- 
formed on the member (material member) in addition to the above, precipitation of reticular carbide on the member sur- 
face is inhibited by nitrogen in solid solution. Furthermore, the nitriding treatment at this time may be performed before 
or after the carbide precipitation step. In the production process of the high bearing pressure -resist ant member, since 
holding at the austenite region temperature prior to quenching is preferably performed simultaneous to the carbide pre- 
cipitation step, this step can be simplified in the case the austenite region temperature coincides with the carbide pre- 
cipitation temperature, thereby enabling cost to be reduced. 

EMBODIMENTS 

[0098] The following provides a detailed explanation of the present invention based on its embodiments. 
Embodiment * 

[0099] Small roller test piece 1 for roller pitting testing as shown in Fig. 1 (diameter of large diameter portion D1 = 
26 mm, length of large diameter portion LI = 28 mm, diameter of small diameter portion D2 = 24 mm and length of small 
diameter portion L2 = 51 mm), and disk-shaped test piece 3 for thrust-type rolling fatigue testing as shown in Fig. 2 
(diameter D4 = 60 mm, thickness t2 = 5 mm) were cut out using mechanical structural steel of each of the compositions 
shown in Table 9. Then, after performing carburization or carbonitriding, carbide precipitation treatment, quenching and 
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tempering according to either of the conditions shown in Figs. 9A through 1 0G, the surface of each test piece was fin 
ished by grinding. Plasma carburization was used for the carburization method at this time. 



Table 9 



Type of Steel 




Chemical Composition (wt%) 


T* 




C 


Si 


Mn 


P 


s 


Ni 


Cr 


Mo 


V 




1A 


0.20 


6.25 


0.30 


0.015 


0.009 


1.9 


2.00 


0.70 


0.20 


784.2 


1B 


0.20 


0.25 


0.80 


0.015 


0.009 




1.10 


0.15 




770.25 


1C 


1.00 


0.25 


0.30 


0.015 


0.003 


2.0 


2.00 


0.70 


0.19 


785.5 


ID 


0.60 


1.03 


0.39 


0.013 


0.005 


2.1 


2.10 


1.20 


0.00 


1062.9 


1E 


0.40 


1.00 


0.35 


0.015 


0.006 


2.0 


2.00 


1.50 


0.20 


1043.5 


IF 


1.B0 


1.10 


0.40 


0.014 


0.003 


1.9 


2.10 


1.40 


0.20 


1039.7 


1G 


0.20 


1.00 


0.30 


0.015 


0.015 


2 


1.50 


1.50 


0.20 


1028.5 



•Nolo) 

T = 675 + 120 • Si(%) - 27 • Ni(%) + 30 • Cr(%) + 215 • Mo(%) - 400 • V(%) 



I™?! .i f " f h0W ° in n9 ' 1 1 ,he r °" in9 pittlng ,est was ^n^cted under the conditions shown in Table 2 by combining 
nX SEL STTTJ f k " S f haped partner material 2 (^meter D3 = 1 30 mm. thickness t1 = 1 8 mm) to determine 
roller pitting time or the number of repetitions or rotations (times) until pitting occurred. 

ml.!.. J" additi °. n ' W J ,h rSSPeCt ,0 the r0llin9 ,ati9Ue ,est - disk-shaped test piece 3 and three spheres 5 as partner 

f d f "* haped ,est P ,ece 3 was determined as follows: Five rolling fatigue tests were repeated to obtain test 
l S nfl ° meS> ° f ,Urnin9 °' three SphereS 5 a,on9 ,he P eri P her V ° f disk-shaped test piece 3 at a Ze when 

nrohi ^ , n K 9 °r ? d Und6r ,hC C ° ndlt,0nS Sh ° Wn in Table a Then ,ive test were ptotted on a iTebu. 

nLmbe ln ' ¥ determining the damage probability 50% life (L50) which was the life (the above turning 
number)until the separation or peeling occurred. 

Siutfi ^ cros , s ; / section of ,he thrust-type test piece obtained in the above manner was corroded with an alcohol 
the 2 rTw 9 . T 3C L d ' 8fter taki " 9 micro P"°«°g^Phs at 10.000 magnifications of first cross-section of 
the test piece extending from the uppermost surface to a depth of 0.1 mm and of second cross-section (of the test 

Z£nZZ7£^JT 'f * usi " g a -nmnB electron microscope. The second cros - 
the r S , cmsslecfcn T ? « mm °' ^ T ^ e ^'- mea " <* the precipitated carbide at 

ured uina «n t f , T ^ ° f ,he P reci P itate d carbide at the second cross-section were meas- 

face aTa ralTra?. ZS * ** ^ ^ ra,i ° ^ %) °' tha SeC °" d PhaSe Was meaSUred - and the SUf " 
race area ratio (rate, %)of carbon in the second phase was measured 

Sl°wL ' r0m ! he uppem10s, surface of the tes « Piece to a depth of 0. 1mm were sampled, and carbon den- 

" 9 t0 COmbustion method to determine the surface carbon density. Mo eover. precipitate 

ttn hi In h ^ d K ^ ^ ntWed ,f0m e ' eCtr0n b6am dif,raCtl ° n P atterns acoord " 1 9 *> *• ~P*» method. In addi 
Id bJ u« y ° a 31 above -™" tl °" e d second cross-section located at a depth of 0.1 mm" was also meas- 
ured by using emission spectrochemical analysis. In addition, the structure of the base material (matrix) was confirmed 
[01 04 J These results are shown in Tables 1 0 and 11. 



Table 1 0 



Classification 


Type of Steel 


Heat treatment 
conditions 


Surface car- 
bon density 
(wt%) 


Carbon den- 
sity at depth of 
max.- shearing 

stress (wt%) 


Base material 
structure 
(wt%) 


Precipitate 
structure 


Invention 
example 31 


1A 


Fig. 9A 


1.0 


0.6 


Mart en site 


M 23 C 6 
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Table 1 0 (continued) 



Classification 


Type of Steel 


Heat treatment 
conditions 


Surface car- 
bon density 
(wt%) 


Carbon den- 
sity at depth of 
max. shearing 

stress (wt%) 


Base material 
structure 
(wt%) 


Precipitate 
structure 


Invention 
example 32 


1C 


Fig.9C 


1.0 


1.0 


Martensite 


M 23 C B 


Invention 
example 33 


ID 


Fig. 9D 


0.6 


0.6 


Martensite 


M 23 C 6 


Invention 
example 34 


1A 


Fig.lOE 


1.1 


0.7 


Martensite 


M 23 C 6 


Invention 
example 35 


1A 


Fig. 1 0F 


1.1 


0.5 


Martensite 


M23 C 6 


Invention 
example 36 


1A 


Fig.10G 


1.0 


0.6 


Martensite 


M 23 C 6 


Invention 
example 37 


1E 


Fig.9C 


0.4 


0.4 


Martensite 


M 23 C 6 


Comparative 
example 21 


1B 


Fig.9B 


1.1 


0.7 


Martensite 


M 3 C 


Comparative 
example 22 


1F 


Fig.9C 


1.8 


1.8 


Martensite 


M 23 C 6 + M 3 C 



Table 1 1 



Classification 


Precipitate 
mean particle 
size (u/n) 


Carton surface 
area ratio in 2 nd 
phase (%) 


Surface area ratio 
of 2 nd phase (%) 


Thrust test life 
(L50) (times) 


Roller pitting life 
(times) 


Invention exam- 
ple 31 


0.25 


15.8 


81 


B.8x10 7 


Surpassed 10 7 


Invention exam- 
ple 32 


0.17 


17.9 


52 


8.1X10 7 


Surpassed 10 7 


Invention exam- 
ple 33 


0.18 


12.4 


22 


7.2x1 0 7 


Surpassed 10 7 


Invention exam- 
ple 34 


0.16 


23.1 


35 


7.9x1 0 7 


Surpassed 10 7 


Invention exam- 
ple 35 


0.19 


18.8 


23 


8.9x10 7 


Surpassed 10 7 


Invention exam- 
ple 36 


0.20 


20.1 


19 


9.1X10 7 


Surpassed 10 7 


Invention exam- 
ple 37 


0.19 


2.0 


2 


5.3x10 G 


Surpassed 10 7 


Comparative 
example 21 


3.90 




0 


2.1X10 7 


Surpassed 10 7 


Comparative 
example 22 


4.20 


22.2 


55 


3.4X10 6 


Surpassed 10 7 



21 



EP 1 070 760 A2 



so 



zs 



[0105] As Is clear from the results shown in Tables 10 and 1 1 . after performing carburization treatment on the Cr- 
content steel so that the surface carbon density is within the prescribed range, namely 0.6 to 1.5%, with respect to the 
^n,*! ,u 9 '"u 9 PreSSUr9 membef) ° f inVenUo " example 31 • and not Performing carburization treatment on steel 
ZTnZfJ^ rfTJ ,!? C ° ntentS °' Cf C W ' th reSpeCt ,0 thC ,est pieces °' inven,ion examples 32 and 33. carbide 
T a „d ln£ hi y ,°i 9 ' temperature havin 9 ,or its "PP^ limit temperature T (°C) calculated based on equation 
of whteh bbhaK , re 9 io " 'emperature °< 8 50°C. quenching and tempering were performed, as a resu.t 

mlTm^ u r structure was formed ,n which a second phase was formed a. a range of from 20 to 80% wherein 

ot aboT | i 'to 20°/' and* hi ,h ? 9 3 7',? Part ' C,e 6i2e °' 0 3 Pm ° r l6SS Was P^P^ed at a surface area ratio 
of about 10 to 20 A, and both pitting life and roll.ng fatigue life were confirmed to be drastically improved 

L°l°?n , a h F i H r,herm0r f '. Und6r hea ' treatment ^"ditions shown in Fig. 9D applied to invention example 33, there 
LrbulS , P r ,P ' St6P ° bSerVed in Wh,Ch the tem P era,ure is temporarily held at a low temperature following 
S2£! m treatment ,n comparison with other heat treatment conditions. However, in invention example 33. since the 

£*Z22I£1 d I • , 9 US6d ^ materia ' S ' eel ' Upper Mrnit 'emperature Tfor carbide pre- 

cipitation as calculated from equation T was high at 1062.9°C. Consequently, M 23 C 6 -type carbide (with some M,C-tvoe 

ouench l7L , e,y ST 1 ? dUfin9 time tSmPera,Ure *" h6,d a * ,hB aUsieni,e tempelro^50%r 
? ? « ° b f nin9 °' eXCe " ent C ° ,d hardneSS and ,emper softeni "9 ^stance as well as satisfactory pit- 
Zl ^T? " ,e ' ' n ° ,her W ° rdS ' <he h6at trea ^ ent in inventi0 " exam P |e «• the carbide precipitation sfep 

2 wSYh tempe / atUre ,S he,d at a temperature having for its upper limit temperature T was performed while over 
lapping with the quenching temperature of 850°C. 

!S°rIL n-^ a w°^ in lnVen,i ° n 6Xamp,e 34 ' Sin ° e carbu '-^ation treatment was performed under conditions such that 
the ratio fTd/To of diffusion temperature Td (-C) to carburization temperature Tc (°C) was 1. 1 followed by temporal 

precipitated on the rolling surface and a structure was formed in which M^-type carbide was finely dispersed rLul 
ing , ,n he obtaining of stable pitting strength and rolling fatigue strength, fn invention example 35? atter pe^lnTcZ 

lu^nlT~^ll' . « a) P rec| P rtat 'ng carbide for 5 hours at 650-C, the temperature was raised to the 

Ts siTHl Ta'' ^ k 5 °° C ,0 "° Wed by QUenChin9 and temp9rin 9- M 8 resu "' a wa * obtained that 

was similar to the case of the above invention example 34 in which carburization and diffusion were followed bv aas 

,„ m^, 9 ' "1 Stab ' e Pittin9 Strength and rollin 9 fa,i 9 ue length were similarly obtained V 9 

nace Lrinc^^S,'" eXamP ' e 36> calt, ° ni,ridin 9 was Performed by introducing ammonia gas into the fur- 

perln wT« D^-ita '.T ? temporari,y quenchi "9 in oil at 6 °°C. precipitation treatment, quenching and tem- 
nlin k« ! perfomiad a similar manner. As a result, It was demonstrated that there was similarly no precipitation of 
g^n boundary ret cuiar carbide on the rolling surface, a structure is obtained in which M^-typLe^ 

^ dispersed, and that stable pitting strength and rolling fatigue strength are obtained. * 

Embodiment S 

S^L F ° r9i ? 9 f °! IOWed by r0U9h machlnin 9 we re performed on steels 1 A, 1 B and 1 F of steels shown in Table 9 so 
* uou ,v van^r/" diSC V 3 ' 14 3nd ""^ a " d ° U,er rings 16 and 1 7 of p ° wer 1 S for the to oida. contin 

foraa , T ~ ^ 7,a " d F ' 9 ' 8A and 8B ' Thereafter, heat treatment was performed the 

Lt?hp rl , ? ' m med S,ee ' S ° nder ,he ct >" diti °™ shown in Figs. 9A through 1 0G. Shot-peening was performed 
" 1*1 I" 9 arP ! rt '° n 01 the innef diameter h0,e at ,he apex °» ^ dis «s (portion F in Fig. 8B) and a'trrectaZar 
21 ^ ™ e :. m T h ° ,e in 1,16 beaHn9 9r ° 0Ve °' P ° Wer ro,ler inner rin 9 1 6 (Portion 0 in Fig. 8A) "ogeSth 
« roiim 9 1 * h ° h ° Se POrtl ° nS ° ther tha " ,he SUS at Which a hot-peening was performed " T • 

LJ™ 1 k- h ' nPUt and ° U,pUt diS ° S 13 a0d 14 a ' 0n9 wi,h inner and ou ter rings 16 and 17 of power roller 15 

z 9 t zt:x:z£z^i r p rz ed usins ,he ,oroidai cominuousiy variab,e ^szss^ 

ir. L ,kLT , ?■ b ? , 9 a ' 906 Stre " 9,h °' dlscs 1 3 and 1 4 and P° we r roller inner ring 1 6 according to the serv- 
U VIVnZt 9 , ?" e Unti ' SePara ' i0n ° f CraCk ' n9 WaS made - Additionally, the rolling fatigue life oMtec 13 and 
14 and power roller inner ring 16 was derived from the tes. results of the above discussed rolling fatigue test 

EH, J • t Iff 38 Sh ° Wn in Tab ' e 12 ' ,he rollin 9 eleme "ts in invention examples 38, 39 and 40 (these respec- 

rEmboZ?n, W . H H 6 C T bina,i0 " S °' St6el tVPeS Snd h6at treatment COndilions °' i™-"- examples 31 34 anS 36 
np« « t? ^ } 9 StmC,Ure WhlCh M " c 6"type carbide was precipitated. Consequently, since the temper hard 

sures n on T'V^l ^ ,0 P ' aStic de '°™ ati °" eve " a ' contact Sng p es- 

55 S SS: ' S h ' 9h temper ( hard " aa ^ even a. the location o, the depth of maximum shearing sLs. 

012 On^^T^nT °^ Urre " Ce °' , S,rUC,Ural Cha "9 es cause d by rolling fatigue, thereby resulling in long life 

with fh „ ' the r0,lln9 elerr, ents pertaining to comparative examples 23 and 24 (these coincide 

4), s.nce M„C 6 .type carb.de is no, precipitated, there is increased susceptibility to plastic deformation al high contact 
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bearing pressures, and separation was confirmed to occur easily. 



Table 12 



5 


v^idssiuca- 
tion 


Type of Steel 


Heat treat- 
ment condi- 


site (Figs. 
8A 8B) 


2 nd phase 
surface 


Endurance testing 








tions 




area ratio 








10 












Sbotpeening 


Rolling 
fatigue life 


Bending 
fatigue life 




Inv. Ex. 38 
(Inv. Ex. 31) 


1A 


Fig. 9A 


A 


81 


1 vu 


(2> 










B 


73 


No 


® 












C 


64 


NI- 
NO 


© 




15 








D 


20 


Yes 




o 










E 


78 


No 


® 


- 










F 


15 


Yes 




o 


20 


Inv. Ex. 39 
(Inv. Ex. 34) 


1A 


Fig. 10C 


A 


52 


NO 


® 










B 


49 


No 


® 


mm 










C 


42 


No 


® 




25 








! 0 


12 


Yes 




o 








E 


45 


No 


® 












F 


8 


Yes 




o 




Inv. Ex. 40 
(Inv. Ex. 36) 


1A 


Fig. 10G 


A 


22 


No 


® 




30 






B 


15 


No 


® 


— 










C 


13 


No 


® 












D 


8 


Yes 




o 


35 








E 


16 


No 


® 












F 


3 


Yes 




o 




Comp. Ex. 
23 (Comp. 
Ex. 31) 


1B 


Fig. 9B 


A 


0 


No 


o 










8 


0 


No 


o 




40 








C 


0 


No 


o 


- 










D 


0 


Yes 




o 










E 


0 


No 






45 








F 


0 


' Yes 




o 




Comp. Ex. 
24 (Comp. 
Ex. 32) 


1C 


Fig. 9C 


A 


55 


No 


o 










B 


38 


No 


o 












C 


34 


No 


o 




50 








D 


16 


Yes 




A 










E 


39 


No 


o 












F 


11 


Yes 


■• 




55 


Note) 

© indicates excellent evaluation; 
O indicates better evaluation; 














O' indicates better 
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Embodiment 6 



[0113] After performing lathe turning and gear cutting using steels 1 A, IB and 1 F shown in Table 9 in the same 
manner as Embodiment 5, heat treatment was performed on each steel by combining with the same conditions as 
Embodiment 5 followed by shot-peening and grinding to obtain the gears having the specifications shown in Table 7. 
[01 1 4] An anti-pitting test was then performed using a power circulating type of gear pitting tester based on the con- 
ditions of a Hertz bearing pressure at the gear pitting point of 2.0 GPa, test gear rotating speed of 1000 rpm automatic 
transmission fluid for the oil type and an oil temperature of 120°C. Pitting life was evaluated In terms of the total number 
of rotations until the surface area of separation caused by pitting that occurred on the tooth surfaces of the test gear 
reached a surface area equivalent to 3% of the effective meshing surface area of the entire gear. 
[0115] As a result, as shown in Table 13, in the gears produced according to invention examples 41, 42 and 43 
(equivalent to the combinations of invention examples 31 , 34 and 36 in Embodiment 4), since M 23 C 6 -type carbide was 
finely dispersed and high hardness was maintained even after tempering, pitting life improved considerably On the 
other hand, in the case of the gears produced according to comparative examples 25 and 26 (equivalent to the combi- 
nations of comparative examples 31 and 32 in Embodiment 4), since the structure did not contain precipitation of 
M 23 C 6 -type carbide, temper hardness was low and pitting occurred easily. 



Table 13 



Classification 


Type of Steel 


Heat Treatment 


Arc Height 


Pitting Life 


Invention example 41 (Invention 
example 31) 


1A 


Rg. 9A 


0.95 


Surpassed 1x1 0 7 times 


Invention example 42 (Invention 
example 34) 


1A 


Fig. 10E 


0.94 


Surpassed 1x10 7 times 


Invention example 43 (Invention 
example 36) 


1A 


Fig. 10G 


1.12 


Surpassed 1x10 7 times 


Comparative example 25 (Comp. 
Example 31) 


IB 


Fig. 9B 


0.91 


4.4x10 6 times 


Comparative example 26 (Comp. 
Example 32) 


1F 


Rg. 9C 


0.97 


O.BxIO 6 times 


Note) ' " — 

Arc height indicates intensity of shot-peening and corresponds to height of warp of thin sheet under shot-peening 



fn 6 ! 1716 6ntire contents of ^Panese Patent Applications P1 1-206552 (filed July 21, 1999) and P1 1-208959 
(filed July 23, 1 999) are incorporated herein by reference. 

[011 7] Although the invention has been described above by reference to certain embodiments of the invention the 
invention » not limited to the embodiments described above. Modifications and variations of the embodiments 
described above will occur to those skilled in the art, in light of the above teachings. The scope of the invention is 
defined with reference to the following claims. 

Claims 



2. 



A high bearing pressure-resistant member comprising 

a mechanical structural steel containing Cr, said mechanical structural steel including a matrix having at least 
one of martensite structure and bainite structure, said matrix containing carbide having a mean particle size of 
3 urn or less, dispersed and precipitated in form of at least one of generally sphere and pseudo-sphere, said 
carbide including M 2 3C 6 -type carbide. 

A high bearing pressure-resistant member as claimed in Claim 1, said mechanical structural steel includes a first 
phase region having at least one of martensite structure and bainite structure, and a second phase region including 
a matrix having at least one of martensite structure and bainite structure, said matrix containing carbide having a 
mean particle size of 3 M m or less, dispersed and precipitated in form of at least one of generally sphere and 
pseudo-sphere. 
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A high bearing pressure-resistant member as claimed in Claim 2, wherein said second phase region includes car- 
bide which contains M^Ce-type carbide containing at least Cr, dispersed and precipitated in the second phase 
region. 

4. A high bearing pressure-resistant member as claimed in Claim 2, wherein a surface area ratio of the second phase 
region at a site subjected to rolling fatigue due to rolling contact and sensitive to a surface origin separation is within 
a range of from 3 to 1 00% at a uppermost surface of said mechanical structural steel. 

5. A high bearing pressure-resistant member as claimed in Claim 2, wherein a surface area ratio of the second phase 
region at a site subjected to rolling fatigue due to rolling contact and sensitive to a surface origin separation is within 
a range of from 50 to 80% at a uppermost surface of said mechanical structural steel. 

6. A high bearing-pressure resistant member as claimed in Claim 2, wherein a surface area ratio of the second phase 
region at a site subjected to bending fatigue by a repetitive load of bending stress is 90% or less at a uppermost 
surface of said mechanical structural steel, wherein shot-peening is performed at the uppermost surface. 

7. A high bearing pressure-resistant member as claimed in Claim 6. wherein the surface area ratio of the second 
phase region at the site subjected to bending fatigue by a repetitive load of bending stress Is 30% or less at the 
uppermost surface of said member, wherein shot-peening is performed at the uppermost surface. 

8. A high bearing pressure-resistant member as claimed in Claim 2, wherein a surface area of the second phase at 
the site subjected to rolling fatigue by a repetitive load of shearing stress caused by rolling contact Is 3% or more 
at a surface layer extending from a surface of said material member to a depth location where a maximum shearing 
stress occurs. 

9. A high bearing pressure -resistant member as set forth in claim 8, wherein the surface area ratio of the second 
phase at the site subjected to rolling fatigue by a repetitive load of shearing stress caused by rolling contact is 50% 
or more at the surface layer extending from the surface of said material member to the depth location where the 
maximum shearing stress occurs. 

10. A high bearing pressure -resistant member as claimed in Claim 3, S is contained in an amount of 0.01% by weight 
or less relative to weight of said mechanical structural steel. 

11. A high bearing pressure-resistant member as claimed in Claim 3, wherein said carbide is dispersed and precipi- 
tated at a surface area ratio ranging from 0.3 to 30% in the second phase region. 

12. A high bearing pressure- resistant member as claimed in Claim 10, wherein nitrogen is contained in solid solution 
in an amount ranging from 0.01 to 0.5% by relative to weight of said material member, at least a location from a 
surface of said high bearing pressure-resistant member formed before grinding to a surface of said high bearing 
pressure-resistant member formed after grinding. 

13. A high bearing pressure-resistant member as claimed in Claim 2, wherein said mechanical structural steel contains 
Cr in an amount ranging from 1 .2 to 3.2% by weight and Mo in an amount ranging from 0.25 to 2.0% by weight. 

14. A high bearing pressure-resistant member as claimed in Claim 13, wherein nitrogen is contained in solid solution 
in an amount ranging from 0,01 to 0.5% by weight relative to weight of said high bearing pressure-resistant mem- 
ber, at least a location from a surface of said member formed before grinding to a surface of said high bearing pres- 
sure-resistant member formed after grinding. 

15. A high bearing pressure-resistant member as claimed in Claim 1 3, wherein sulfur is contained in an amount of not 
more than 0.01 % by relative to weight of said mechanical structural steel. 

16. A high bearing pressure-resistant member as claimed in Claim 2, wherein said carbide at least at a cross-sectional 
surface of said mechanical structural steel located at a depth of the occurrence of maximum shearing stress 
caused by rolling contact is dispersed and precipitated in a surface area ratio ranging from 0.3 to 30%. 

17. A high bearing pressure-resistant member as claimed in Claim 16, wherein said steel has a surface carbon density 
at a site subjected to rolling fatigue caused by rolling contact, within a range of from 0.6 to 1 .5% by weight. 
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1B. A high bearing pressure-resistant member as claimed in Claim 2, wherein a carbon density at a site subjected to 
rolling fatigue by a repetitive load of shearing stress caused by rolling contact is 0.5% by weight or more. 

1 9. A high bearing pressure-resistant member as claimed in Claim 2, wherein said member is a rolling element forming 
s part of a toroidal continuously variable transmission. 

20. A process of producing a high bearing pressure-resistant member, comprising: 

performing a carburization treatment on a material member formed of a mechanical structural steel containing 
Cr so that a surface carbon density of said mechanical structural member is within a range of from 0 6 to 1 5% 
by weight; 

precipitating carbide by holding the carburized material member at a precipitation temperature Tp (°C) having 
an upper limit temperature T (°C) calculated according to a first equation: T = 675 + 120 • Si(%) - 27 • Ni(%) + 
30 • Cr(%) + 215- Mo(%) - 400 • V(%) based components of the material member for a time shorter than a time 
is t (hr.) calculated according to a second equation: t = io< 1900(yT P + 273 > ■ 2°) based on said precipitation temper- 

ature Tp (*C); and 

quenching the carbide-precipitated material member by rapidly cooling the carbide-precipitated member after 
holding the carbide-precipitated material member at at least one of a Ac, transformation temperature and a 
temperature at which austenite phase is formed. 



w 
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21. 



A process as claimed in Claim 20, wherein said material member contains Cr in an amount ranging from 1.2 to 
3.2% by weight and Mo in an amount ranging from 0.25 to 2.0% by weight so as to have a surface carbon density 
is within a range of from 0.6 to 1.5% by weight, wherein said performing carburization treatment includes setting a 
carbon density at a site of a depth of occurrence of maximum shearing stress caused by rolling contact within a 
25 range of 0.5% by weight or more. 

22. A process as claimed In Claim 21 , wherein a ratio (Td/Tc) of a diffusion temperature Td (°C) after the carburization 
treatment to a carburization temperature Tc (°C) during the carburization treatment is within a range of from 1 05 
to 1.25. 



30 



23. A process as claimed in Claim 22, wherein a cooling rate in a transient time from completion of the carburization 
treatment to said precipitating carbide is 10°C per minute or more. 

24. A process as claimed in Claim 23, wherein nitriding is performed on said material member simultaneous to or after 
completion of the carburization treatment. 

25. A process as claimed in Claim 20, wherein the mechanical structural steel contains Cr and carbon in a ranqe of 
from 0.6 to 1 .5% by weight. 

26. A process as claimed in Claim 20, wherein the mechanical structural steel contains Cr In an amount ranging from 
1 .2 to 3.2% by weight, Mo In an amount ranging from 0.25 to 2.0% by weight, and C in an amount ranging from 0.6 
to 1 .5% by weight. 

27. A process as claimed in Claim 20, wherein holding the carbide-precipitated material member at at least one of a 
Ac, transformation temperature and a temperature at which austenite phase is formed also serves as said precio- 
itating carbide. 

28. A process of producing a high bearing pressure-resistant member, comprising: 

performing carburization treatment on a material member formed of a mechanical structural steel containing 
Cr so that said material member has a surface carbon density within a range of from 0.6 to 1 .5% by weight; 
precipitating carbide by holding the carburized material member at a temperature having an upper limit tem- 
perature T (°C) which is calculated from an equation: T = 675 + 120 • Si(wt%) - 27 - Ni(wt%) + 30 • Cr(wt%) + 
215 • Mo(wt%) - 400 • V(wt%); and 

quenching the carbide-precipitated material member by rapidly cooling the carbide-precipitated member after 
holding the carbide-precipitated member at a temperature at which austenite phase is formed. 

29. A process as claimed in Claim 28, wherein said mechanical structural steel contains Cr in an amount ranging from 
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1 .2 to 3.2% by weight, and Mo in an amount ranging from 0.25 to 2.0% by weight, wherein the carburizatlon treat- 
ment performing includes causing said material member to have a carbon density of not less than 0.5% by weight 
at a location of depth of said member where maximum shearing stress occurs caused by rolling contact. 

5 30. A process as claimed in Claim 28, wherein said mechanical structural steel contains Cr in an amount ranging from 
1 .2 to 3.2% by weight, Mo in an amount ranging from 0.25 to 2.0% by weight, and C in an amount ranging from 0.6 
to 1 .5% by weight. 

31. A process as claimed in Claim 28, wherein said carburization treatment performing includes nitriding said material 
io member. 
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FIG.1 




FIG.2 
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FIG.3A 



950°C 









850X 






\ 


650°C 


/ 




2hr. 


10hr. 




1hr. 




1hr. 



1 hr. _\ 0 ~ 

I- I - I 6(TC 
\ OIL 



DIFFUSION \ HOLDING 
CARBURIZATION PRECIPITATION 



FIG.3B 



950°C 









850"C 






\ 


750°C/ 




3hr. 


9hr. 




30min. 




1hr. 



\ 

60°C 
OIL 



DIFFUSION \ HOLDING 
CARBURIZATION PRECIPITATION 



29 



EP 1 070 760 A2 



FIG.3C 



950°C 



_______ 

6hr. 


6hr. 


850X 




1hr. 



_1hr. _!□_. 
I * -I 60 C 
OIL 



170°C 



DIFFUSION 
CARBURIZATIO HOLDING 



2hr.7P V 



TEMPERING 



FIG.3D 



950°C 




j PRECIPITATION j TEMPERING 
CARBURIZATION HOLDING 



30 



EP 1 070 760 A2 



FIG.4E 
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FIG.5H 
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FIG.7 
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FIG.9A 
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